Lewy bodies and Lewy neurites are the defining neuropathological characteristics of Parkinson's disease and dementia with Lewy bodies. They are made of abnormal filamentous assemblies of unknown composition. We show here that Lewy bodies and Lewy neurites from Parkinson's disease and dementia with Lewy bodies are stained strongly by antibodies directed against aminoterminal and carboxyl-terminal sequences of ␣-synuclein, showing the presence of full-length or close to full-length ␣-synuclein. The number of ␣-synuclein-stained structures exceeded that immunoreactive for ubiquitin, which is currently the most sensitive marker of Lewy bodies and Lewy neurites. Staining for ␣-synuclein thus will replace staining for ubiquitin as the preferred method for detecting Lewy bodies and Lewy neurites. We have isolated Lewy body filaments by a method used for the extraction of paired helical filaments from Alzheimer's disease brain. By immunoelectron microscopy, extracted filaments were labeled strongly by anti-␣-synuclein antibodies. The morphologies of the 5-to 10-nm filaments and their staining characteristics suggest that extended ␣-synuclein molecules run parallel to the filament axis and that the filaments are polar structures. These findings indicate that ␣-synuclein forms the major filamentous component of Lewy bodies and Lewy neurites.
Parkinson's disease (PD) is the second most common neurodegenerative disorder, after Alzheimer's disease. Clinically, it is a movement disorder that is characterized by tremor, rigidity, and bradykinesia. Neuropathologically, PD is defined by nerve cell loss in the substantia nigra and the presence there of Lewy bodies and Lewy neurites (1, 2). Lewy bodies and Lewy neurites also are found in other brain regions, such as the dorsal motor nucleus of the vagus, the nucleus basalis of Meynert, and the locus coeruleus (reviewed in ref. 3 ). Brainstem-type Lewy bodies appear as intracytoplasmic inclusions, 5-25 m in diameter, with a dense eosinophilic core and a clearer surrounding halo. Ultrastructurally, they are composed of a dense core of filamentous and granular material that is surrounded by radially oriented filaments (4, 5) .
Abundant Lewy bodies and Lewy neurites in cerebral cortex are the defining neuropathological characteristics of dementia with Lewy bodies (DLB), a common late-life dementia that is clinically similar to Alzheimer's disease (6) (7) (8) . Cortical Lewy bodies are spherical intracytoplasmic inclusions that lack a distinctive core and halo, but that are made of filaments with morphologies similar to those of Lewy bodies from brainstem areas (6, 7).
Lewy neurites constitute an important part of the pathology of PD and DLB. They correspond to abnormal neurites that contain filaments similar to those found in Lewy bodies (9) . A number of proteins have been identified immunologically by light microscopy in Lewy bodies and Lewy neurites from PD and DLB, which include neurofilaments and ubiquitin (10) (11) (12) (13) (14) (15) . Although these have been useful as markers for diagnostic purposes, the biochemical composition of Lewy body filaments has remained unknown.
Recently, the discovery of point mutations in the ␣-synuclein gene as a rare cause of familial PD (16, 17) has led us to the finding that ␣-synuclein is a component of Lewy bodies and Lewy neurites from idiopathic PD and DLB (18) . We show here that antibodies raised against amino-terminal and carboxyl-terminal sequences of the 140-aa ␣-synuclein protein strongly immunostain Lewy bodies and Lewy neurites and that the number of stained structures exceeds that recognized by anti-ubiquitin antibodies. Antibodies directed against ␤-synuclein (19) and the BCSG1 protein (␥-synuclein) (20) failed to stain Lewy bodies and Lewy neurites. We also show that 5-to 10-nm filaments extracted from cingulate cortex of patients with DLB are labeled by anti-␣-synuclein antibodies, indicating that ␣-synuclein is the major component of the filaments of Lewy bodies and Lewy neurites.
from the published sequence (20) , resulting in two amino acid changes (glutamic acid residues at positions 12 and 68 instead of lysines). The same sequence was obtained in three separate PCRs. Recombinant ␥-synuclein was purified in the same way as ␣-synuclein (19) .
Immunohistochemistry and Immunoblotting. Brain tissues from patients with DLB or PD were immersion-fixed in 4% paraformaldehyde. Sections (40 m) were cut on a freezing microtome and processed free-floating, as described (22) . Some tissues were paraffin-embedded and 7-m sections were cut, followed by immunostaining. In some experiments, sections were double-stained for ␣-synuclein and ubiquitin by using a published procedure (22) . The anti-␣-synuclein antibody was used as the first primary antibody and the antiubiquitin antibody was used as the second primary antibody. Dilutions were as follows: PER1, PER2, and PER3 were at 1:200; PER4 and PER5 were at 1:500; and the anti-ubiquitin antibody 1510 was at 1:250. Sections were counterstained weakly with hematoxylin. Immunoblot analysis was carried out with affinity-purified antibody PER1 (diluted 1:200), rabbit antisera PER4 (diluted 1:5,000), and PER5 (diluted 1:5,000), and developed by using a Vectastain kit (Vector Laboratories) (19) . SDS-polyacrylamide gels (15%) were used to monitor protein purification and for immunoblot analyses.
Extraction of Dispersed ␣-Synuclein Filaments. Filaments were extracted from cingulate cortex of patients with DLB by using a procedure developed for the extraction of dispersed paired helical and straight filaments from Alzheimer's disease brain (23, 24) . One-gram tissue was homogenized in 10 mM Tris⅐HCl, pH 7.4, containing 800 mM NaCl, 1 mM EGTA, and 10% sucrose. After centrifugation at 14,000 rpm for 20 min the supernatant was incubated with sarcosyl at a final concentration of 1% for 1 h at room temperature. The solution was spun at 40,000 rpm for 1 h, and the resulting pellet was resuspended in 50 mM Tris⅐HCl, pH 7.4, at 100 l͞g starting material.
Electron Microscopy. Aliquots of the dispersed filament preparations were placed on carbon-coated 400-mesh grids and stained with 1% lithium phosphotungstate, and micrographs were recorded at a nominal magnification of ϫ40,000 on a Philips model EM208S microscope as described previously (25) . Procedures for immunoelectron microscopy were as described (25) . The primary antibodies were used at 1:50 (PER1) and 1:100 (PER4), and after reaction with the appropriate secondary gold-conjugated antibody (Sigma), the grids were stained with 1% lithium phosphotungstate.
RESULTS
Affinity-purified anti-␣-synuclein antibodies PER1 and PER2 were used to stain tissue sections from patients with PD and DLB. PER2 was raised against a synthetic peptide corresponding to amino acids 116-131 of human ␣-synuclein (19) . It recognizes ␣-synuclein, but not ␤-synuclein or ␥-synuclein. Similarly, affinity-purified antiserum PER1, which was raised against a synthetic peptide corresponding to residues 11-34 of ␣-synuclein, recognizes ␣-synuclein, but not ␤-synuclein or ␥-synuclein (Fig. 1 ). This contrasts with affinity-purified antiserum PER3, which recognizes ␤-synuclein specifically (19) and antiserum PER5, which recognizes only ␥-synuclein. Antiserum PER4 recognizes both ␣-synuclein and ␤-synuclein, but not ␥-synuclein. It recognizes the carboxyl-terminal region of ␣-synuclein (unpublished data) and reacts more strongly with ␣-synuclein than with ␤-synuclein (Fig. 1) . Identical results were obtained with the synuclein antibodies on an extract of cerebral cortex from control brain (not shown).
Staining of substantia nigra sections from patients with DLB revealed staining for PER1 and PER2 (Fig. 2 A and B) . Large numbers of Lewy bodies and Lewy neurites were strongly immunoreactive, and similar numbers of structures were stained by each antibody. Most immunopositive Lewy bodies were located in neuronal perikarya, but the rarer intraneuritic Lewy bodies also were strongly stained (Fig. 2E ), as were extracellular Lewy bodies.
In hippocampus from patients with DLB, strong staining of Lewy neurites was observed. Staining of adjacent tissue sections with PER1 and PER2 showed that the same structures were stained by each antibody (Fig. 2 C and D) . No specific staining of Lewy bodies or Lewy neurites was observed with antibodies PER3 and PER5, showing that ␤-synuclein and ␥-synuclein are not present. Lewy bodies and Lewy neurites in substantia nigra from PD patients also were strongly immunoreactive for PER1 and PER2 ( Fig. 3E and F) . Antibody PER4 gave a staining pattern identical to that obtained with PER1 and PER2 (data not shown).
In some experiments double-labeling immunohistochemistry was used to study colocalization of ␣-synuclein and ubiquitin (Fig. 3) . Most Lewy bodies and Lewy neurites in substantia nigra (Fig. 3 A-C ) and cingulate cortex (Fig. 3 D and  G) from DLB patients were immunoreactive for both ␣-synuclein and ubiquitin. However, the ␣-synuclein staining was always more extensive. Thus, some Lewy bodies and Lewy neurites were stained for ␣-synuclein, but not for ubiquitin ( Fig. 3 A and C) . In brainstem-type Lewy bodies immunoreactive for both ␣-synuclein and ubiquitin, the ubiquitin antibody stained mostly the halo of the Lewy body, whereas ␣-synuclein antibodies stained both the halo and the core (Fig.  3 A-C) . No structures were seen to be ubiquitin-positive and ␣-synuclein-negative.
To identify assembled structures containing ␣-synuclein, cingulate cortex from patients with DLB was extracted by a method widely used for the isolation of dispersed paired helical and straight filaments from Alzheimer's disease brain (23, 24) . It enriches for filaments that are insoluble in sarcosyl, whereas the bulk of SDS-resistant filaments is removed in the first centrifugation step (23) . The resuspended pellets from sarcosyl treatment were immunolabeled with anti-␣-synuclein antibodies. Slender filamentous structures were clearly labeled by the PER4 antiserum (Fig. 4) . Small clumps of filaments associated with amorphous material were sometimes visualized (Fig. 4 A  and B) , but mostly the labeled structures corresponded to single, isolated fragments (Fig. 4 C-G) that were 50-700 nm long. Paired helical filaments present in some preparations clearly were not labeled by the PER4 antiserum (Fig. 4C) . The labeled structures showed various morphologies, including a uniform, approximately 5-nm-wide filament (Fig. 4D) , a some- what less regular, 10-nm-wide filament with a dark stainpenetrated center line (Fig. 4E ), a filament of twisted appearance with a width varying between 5 and 10 nm with a crossover spacing of about 90 nm (Fig. 4F) , and a 10-nm filament with slender 5-nm extensions at one or both ends (Fig.  4 C and G) . The majority of filaments had a 10-nm width. Similar results were obtained when PER2 was used instead of PER4. A quite different pattern of labeling was shown by the PER1 antibody (Fig. 5) . In this case one or occasionally two gold particles were observed at one but never at both ends of filaments. ␣-Synuclein filaments were found in all cases of DLB, but not in cingulate cortex from age-matched control cases extracted in the same manner. No filaments were labeled by ␤-synuclein or ␥-synuclein antibodies.
DISCUSSION
The present findings show that Lewy bodies and Lewy neurites from PD and DLB are strongly immunoreactive for ␣-synuclein, in agreement with our previous report and two subsequent studies (18, 26, 27) . We show here that antibodies recognizing amino-terminal and carboxyl-terminal ␣-synuclein regions give identical staining patterns, indicating that full-length or close to full-length ␣-synuclein is present in Lewy bodies and Lewy neurites. ␣-Synuclein antibodies stain Lewy bodies in their entirety, with strong staining of core and corona of brainstem-type Lewy bodies.
Currently, staining for ubiquitin is the most sensitive means of detecting Lewy bodies and Lewy neurites. Double-staining immunohistochemistry for ␣-synuclein and ubiquitin showed that staining for ␣-synuclein is more extensive than staining for ubiquitin, indicating that accumulation of ␣-synuclein precedes ubiquitination. In particular, the number of Lewy neurites stained for ␣-synuclein was much larger than that immunoreactive for ubiquitin. It follows that staining for ␣-synuclein will probably replace staining for ubiquitin as the preferred means of identifying Lewy bodies and Lewy neurites. Antibodies directed against ␤-synuclein and ␥-synuclein did not stain Lewy bodies or Lewy neurites. Thus, of the known brain synucleins, only ␣-synuclein is found in the Lewy body pathology. These findings suggest but do not prove that ␣-synuclein is a major component of the abnormal filaments that make up Lewy bodies and Lewy neurites.
This was investigated directly by immunoelectron microscopy of sarcosyl-insoluble filaments extracted from cingulate cortex of patients with DLB. Filaments had a diameter of 5-10 nm, in keeping with previously reported dimensions of filaments in Lewy bodies and Lewy neurites, based on heavymetal-stained tissue sections and isolated Lewy bodies (3-5, 7, 9, 11, 12, 28-32) . Antiserum PER4, which recognizes the carboxyl-terminal region of ␣-synuclein, labeled filaments along their entire lengths, indicating that they contain ␣-synuclein as a major component. The labeled structures had various morphologies, including a 5-nm straight filament and 10-nm filaments both straight and twisted, with the 10-nm filaments being more numerous. These appearances would be consistent with a model in which the ␣-synuclein molecules assembled to form a 5-nm protofilament, two of which could (1998) associate to produce a variably twisted filament. Some 10-nm filaments were unraveled, revealing slender extensions at one or both ends. These various morphologies suggest that ␣-synuclein molecules, which are believed to be extended and relatively unstructured (33) , may run parallel to the filament axis. This differs from the packing of tau protein in filaments from Alzheimer's disease and other tauopathies, where individual tau molecules are believed to run mainly perpendicular to the filament axis (25, 34) . Antibody PER1, which recognizes residues 11-34 of ␣-synuclein, only ever labeled one filament end. This suggests first that the PER1 epitope is buried in the body of the filament and exposed only at the end, and second, that the filaments are polar structures. The situation is akin to that in microtubules, where an anti-␣-tubulin antibody labels only the minus end of the tubule (35) . The polar nature of the ␣-synuclein filaments would be consistent with the characteristic spherically radiating focal architecture of Lewy bodies, particularly those in the brainstem. Although PER1 labeled only one end of each ␣-synuclein filament, it stained the Lewy body pathology very strongly. This suggests the presence of a pool of unassembled ␣-synuclein in Lewy bodies and Lewy neurites. Antibodies directed against the microtubule-binding region of tau protein show a similar behavior, in that they strongly stain the neurofibrillary lesions of Alzheimer's disease, but fail to decorate isolated tau filaments (24, 36) . Future studies with additional ␣-synuclein antibodies of known epitope will test the validity of the proposed arrangement of ␣-synuclein in Lewy body filaments. Meanwhile, in conjunction with the discovery of mutations in ␣-synuclein in some familial cases of PD (16, 17) , our findings suggest that the presence of ␣-synuclein filaments may be the cause of nerve cell death and that idiopathic PD and DLB are ␣-synucleinopathies.
